We study the dynamical response of a double-barrier conductor with two contacts to investigate the contact effect on ac conduction in the system. We have presented the calculation of various physical quantities such as the distributions of internal potential and charge density, capacitance and low-frequency ac conductance. We show that the characteristic potentials would tend to unity ͑zero͒ in the reservoirs. When the system is far away from resonance, the charge distribution exists only around the barrier regions as a response to the applied voltage, and hence the contacts almost have no effect on the results. In the case of small transmission probability, we find a considerable amount of charge distribution surrounding the double-barrier conductor. As for the resonant case or near the resonance, our results show that the charge distribution displays large fluctuations outside the conductor, but almost no charge distribution within the conductor. In this case, the effect of contacts on the charge and potential distributions is considerable. Moreover, we find that qualitatively the presence of contacts does not change the main features of the emittance without contacts. But the contact effect on the capacitance is significant when the chemical potential is very close to resonant energy: there is a sharp capacitance peak at resonance that does not exist in the case without contacts.
I. INTRODUCTION
The transport properties of mesoscopic conductor systems have been studied extensively, both theoretically and experimentally. One of these studied systems is the onedimensional device connected to wide reservoirs involving the electron-electron (e-e) interaction which is of fundamental importance. 1, 2 The contacts play an important role in the conductance [3] [4] [5] [6] [7] due to its significant interaction with conductors. 8 The effect of e-e interaction on quantum transport in quantum wire ͑QW͒ was investigated using the Luttinger-Liquid model, which explains the renormalization of charge-wave density and gives the standard dc conductance steps e 2 /h. 1, [3] [4] [5] 9 For the ac case, the ac response is strongly sensitive to the distribution of potential inside the sample. [10] [11] [12] [13] [14] Büttiker et al. have discussed extensively the current conservation and gauge invariance for ac transport in the presence of e-e interaction. 14 -17 They formulated the theory of ac conductance in the regime of linear response and low frequency based on both continuous and discrete internal potential models. There were further works on the ac transport in QW with contacts. Blanter et al. adopted the randomphase approximation to calculate the ac admittance in the presence of e-e interaction. 18 Sablikov et al. used the Hartree-Fock approximation for electron wave functions to investigate the internal potential and electron-density distributions in QW. 8 Also, Sablikov and Shchamkhalova studied the one-dimensional e-e interaction using the Bosonization technique. 19 They obtained different ac ͑low frequencies͒ transport properties such as electron-density distribution and quantum wire impedance compared to that of the LuttingerLiquid model with short-range interaction.
On the other hand, the double-barrier-resonant-tunneling nanostructures ͑DBRTNS͒ also have attracted great research interest because of their many potential device applications, and their significance in the study of the physics of confined structures. Büttiker et al. applied their theory of ac transport ͑in the regime of linear response and low frequency͒ to DBRTNS based on the discrete potential model. 15 A detailed analysis for a larger range of frequencies and for a nonlinear case associated with mesoscopic conductors can also be done by Büttiker and Christen. 20 Moreover, Zhao et al. 21 used the continues potential model to study the internal potential and charge-density distributions in DBRTNS. Shangguan et al. followed up to investigate in detail the ac emittance and the electrochemical potential, taking into account also the temperature effect. 22 They found that for very low temperature, the charge accumulation is very small in the resonant cases and in the cases of zero transmission probability; and for cases in which the transmission probability is large but less than one ͑near resonance͒, the charge accumulation is large.
However, so far the effect of contacts ͑ reservoirs͒ on ac transport in DBRTNS has not yet been investigated quantitatively. In this paper, we consider the DBRTNS with contacts as a whole system and study how the wide contacts affect the ac transport properties such as internal potential, charge accumulation, ac emittance, and so on. The left and right contacts we consider are identical and two dimensional ͑2D͒, and the DBRTNS is one dimensional. We use the hyperbolic tangent function to represent the 2D contacts in such a way that the transverse dimension of the contacts varies slowly with distance. Thus, the transverse energy levels are slowly varying functions of distance in the transition region from the contacts to the double barrier. In this case, we assume, as a good approximation, that there is no coupling between all the transverse channels in the scattering process of charge carriers. Hence, each charge carrier will be all the way in a single channel throughout the scattering process without being scattered into the other channels. This approximation much simplifies the calculation of scattering wave functions and scattering matrix. The internal potential, governed by a 3D Poisson equation, is assumed to be 1D. That means, it is only a function of the distance in the longitudinal direction. So we can integrate the Poisson equation over the transverse direction and the equation will involve the variable cross-sectional area ͑due to the different cross-sectional areas of the contacts and wire͒.
II. MODEL AND THEORY
The model of the double barrier with reservoirs that we consider in this paper is a two-dimensional-onedimensional-two-dimensional system ͑see Fig. 1͒ . In the center of this system is a conductor of double-barrier structure. We assume that the width of the system as a function of x is w͑x ͒ϭaϩ WϪa
Here, a and W are the widths of 1D portion and reservoirs ͑2D͒, respectively. L c describes the size of the transition regions between the reservoirs and 1D portion, and 2L co is equal to the distance between the centers of the left and right transition regions. Furthermore, we use b for the barrier width and 2c for the well width. We will investigate the linear response of the system to a time-dependent external voltage. When the voltage is applied to the two reservoirs, besides the process in which electrons are injected into the 1D transverse channels and then undergo scattering by the contacts and double barrier, we have to consider the pile-up charge and the induced internal electrostatic potential in the system, which affect the transport of the electrons in the systems. To proceed, we imagine a volume ⍀ ͑the dashedline box in Fig. 1͒ , which encloses the entire conductor and parts of the reservoirs and is large enough to include all the varying distributions of the potential and charges. This means that all the electric-field lines come from and end at the charges inside ⍀. In order to calculate the dynamics response of the doublebarrier system, according to Büttiker's theory, we have to calculate the injectivity dn ␣ (r)/dE and the local density of states ͑LDOS͒ dn(r)/dEϭ͚ ␣ dn ␣ (r)/dE ͑Refs. 10,14,15͒ for the system ͑here ␣ϭ1 or L for the left contact and ␣ ϭ2 or R for the right contact. Because our interest is electron transport in the longitudinal direction ͑the x direction, say͒. We will assume that the potential and charge-density distributions are one dimensional. Accordingly, we will only calculate the injectivity dn ␣ (x)/dEϭ͐dn ␣ (r)/dEdy and the density of states dn(x)/dEϭ͐dn(r)/dEdy. To do this, we first calculate the electron wave function of the incoming scattering state ͑from the left͒. In the reservoirs, the wave functions read
where l W (y) are the transverse eigenfunctions of the reservoirs, k l x ϭ͓2m*E/បϪ(l/W) 2 ͔ 1/2 are the wave numbers defined in the x direction, m* is the effective mass of electrons, and E is the energy of the electron. In the transition regions between 1D and 2D portions, we plot vertical lines to divide the regions into a series of narrow layers ͑see Fig. 1͒ . In the narrow layers labeled by iϭ1,2,3, . . . , the wave functions can be expressed as
where l Ј (i) (y) are the transverse eigenfunctions in layer i,
, and W i is the width of the layer i. In this paper, it is assumed that the width variation in the transition regions is so slow that we can ignore the state hopping as the wave functions propagate through the layers, and then Eq. ͑3͒ simplifies as
In the 1D portion ͑i.e., the double barrier together with the left and right leads͒, the wave functions may be expressed as
where Iϭ1, . . . ,5 represent the regions of two barriers, well, and the two 1D leads, respectively. m 1D (y) are the transverse eigenfunctions of electrons in the 1D portion,
, and U I is the doublebarrier potential: Using continuity of ⌿ l and ‫ץ‬⌿ l /‫ץ‬x at the boundaries between neighboring layers, we determine the wave functions of the electrons in the system, and then the injectivity
where v l ϭបk l x /m* is the incident velocity of the electrons in the direction of transport (x axis͒. Furthermore, for our symmetrical system,
and the LDOS is then given by
Meanwhile, the scattering matrices s 11 and s 21 are given by Eqs. ͑1͒ and ͑2͒. In the presence of a small and lowfrequency ac voltage v ac applied to the reservoir ␣ (␣ϭ1 or L for the left reservoir and ␣ϭ2 or R for the right reservoir͒, 
Under the Thomas-Fermi approximation, the second term in Eq. ͑9͒ gives the induced charges in the conductor and the third term gives clearly the injected charges. As has been pointed out by Büttiker and Christen, 24 The Thomas-Fermi approximation is not well justified and permits us to obtain an estimate only. In this paper, we do not attempt to make a very accurate calculation, and our interest is to present a qualitative estimate for the potential and charge distributions. In Eq. ͑9͒ we have neglected the variation of the potential with y and z, and assume that the characteristic function is a function of x only. This assumption is reasonable, because the variation of potential, in fact, is induced by electrochemical potential difference ␦ ͑or external voltage ␦V) between the left and the right sides. We obtain the following equation by integrating over y and z and using ͐dydz͉(z,y)͉ 2 ϭ1 ͑for convenience of presentation, we only mentioned about the coordinate y in the above discussion͒:
͑10͒
where A(x)ϭdϫw(x) is the cross-sectional area of the double-barrier structure, d is the thickness of the system.
III. INTERNAL POTENTIAL AND CHARGE DENSITY
We first calculate the internal potential u ␣ (x) by numerically solving the Poisson equation ͑10͒, and then obtain the induced charge distribution. To solve Eq. ͑10͒ for u ␣ (x), we need the boundary values of u ␣ (x). Here we use the neutrality condition 14 to determine the boundary values of u ␣ (x):
where x L and x R are left and right boundary lines of the region ⍀ ͑see Fig. 1͒ , which is a volume 14 -16 that is so large that electric-field lines through the surface of it vanish, i.e., the electric field is completely screened within the volume. If the reservoirs are very large ͑the width W is very large͒, then from Eq. ͑11͒ we conclude that the boundary values u 1 (x L ) ϫ͓u 2 (x R )͔ and u 1 (x R )͓u 2 (x L )͔ are very close to unity and zero, respectively. In our case, the boundary values are close to unity or zero. When our system is biased by a small voltage ␦V ͑applied to reservoir ␣), the distribution of charge density in ⍀ is given by ␦q(x)ϭ(x)␦V, where
In Fig. 2 , we present the distribution of internal potential uϭu 1 (x) and charge density (x) for various Fermi levels (ϭ L ϭ R ) at temperature Tϭ0. As is aforementioned, we use ⌬ϭh 2 /8m*a 2 , the energy of the transverse ground state in the 1D leads as a unit of energy, and the width a of the leads as a unit of distance. In our calculation, we set aϭ50 nm, dϭa/2 ͑the thickness of our system͒, and x L ϭϪx R . Figure 2͑a͒ shows the results for ϭ1.805, which corresponds to the resonant case where the Fermi level equals the resonant energy of the double-barrier structure, and for an open channel the transmission probability equals unity. In this case, one finds that the potential drops mainly appear in the transition regions between the 1D and 2D portions, and basically there is no potential drop across the double barrier although we find some oscillations in the potential in the 1D leads. Furthermore, for the resonant case, the charge density shows intensive fluctuations around zero beyond the double barrier, while inside the double barrier there is almost no charge accumulation. This reflects the effect of contacts on the distributions of potential and charge density. We know that the injected electron density is proportional to the square of the amplitude of the electron wave function which is oscillating along the x direction. Thus, the distribution of the injected electron density consists of alternative layers of more negative charges and less negative charges. This would be the total charge-density distribution should there be no coulomb interaction between the charges. In the presence of coulomb interaction, the more negatively charged layers induce positive charges in the neighboring less negatively charged layers. Hence, the intensive fluctuations in the charge density are expected. In the resonant case, the electrons can penetrate completely through the barrier, and the charges driven by the voltage neither stay around nor inside the conductor. And so, no potential drop is caused. In this case, the scattering of electrons is completely due to the nonuniform cross section in the transition regions, and this scattering results in the potential drops and charge accumulation in the transition regions. In our previous work 22 that was about a 1D double-barrier structure without contacts, the potential drop in the resonant case was almost zero ͓i.e. characteristic function u(x) was constant : 1/2], and there is almost no charge accumulation throughout the system. We would like to remark that for the near resonance case ͑that is, large transmission probability but not equal to one͒, the distributions of internal potential as well as charge density are similar to that of the resonant case. In Fig. 2͑b͒ , we present the results for the case of small transmission probability ( ϭ1.802). From the curve of (x), one finds that there is a considerable amount of charge distribution around the barrier regions as well as in the well region, but away from the double barrier in the leads and in the reservoirs there is no charge accumulation. In this case, the charges driven to the other side of the conductor penetrate through the double barrier with a small transmission probability. Thus, most of the charge carriers are reflected back into the 1D leads and reservoir. We then expect that there is no charge accumulation beyond the double barrier and hence the internal potential u(x) should be constant (ϭ1) beyond the double barrier ͑even in the transition regions͒, as shown in Fig. 2͑b͒ .The potential drop mainly happens within the double barrier, and the charges are distributed around and within the conductor. In Fig. 2͑c͒ , we show the result for the case where chemical potential (ϭ1.7) is far from the resonant energy (E ϭ1.805) and for all channels the transmission probability is almost zero. The results in this case are qualitatively in agreement with that for the double-barrier system without contacts, where the characteristic function uϭ1(0) on the left ͑right͒ side of the double-barrier conductor, and the curve of u(x) is almost a straight line inside the conductor, and so the charge accumulation is nonzero only just beyond the two barriers. It is worth emphasizing that our results for the system with wide contacts show that the characteristic function tends to 1 (0) on the left ͑right͒ side the doublebarrier conductor for both resonant and nonresonant cases. This fulfills the requirement of Büttiker's theory. 14 
IV. CAPACITANCE AND LOW-FREQUENCY ADMITTANCE
Having studied the distributions of internal potential and charge density that reveals certain information of the system under investigation, next we will study the capacitance and ac conductance, which may present a result that is capable of being directly verified with the experimental data. According to Eq. ͑12͒, when a small voltage ␦V is applied to the left reservoir (␣ϭ1), the total charge accumulated in the left half portion of ⍀ is given by and then the capacitance of the double-barrier system can be defined as
where x 0L is the position of center of the left barrier. As in the well-known Coulomb blockde model for junction arrays, where one junction ͑barrier͒ corresponds to one capacitance, we regard the double-barrier system as two capacitors in series. It should be point out that it is difficult to give a precise definition of the capacitance for our system because our model is a continuous one, and generally the charge distribution shows an extensive fluctuation around zero. In the case of Figs. 2͑a͒ and 2͑c͒ , the system can be regarded as a single capacitor, but in the case of Fig. 2͑b͒ it would be invalid to regard it in this way.
With the information of partial density of states ͑PDOS͒, injectivities, and internal potentials, we can calculate the admittance for low frequencies 14 -16 
where is the frequency of the ac bias, g ␣␤ (0) is the dc conductance, and
is the emittance. In the first term of Eq. ͑15͒,
are the partial densities of states, and may be interpreted as the carrier density of states in volume ⍀, corresponding to those carriers injected from reservoir ␤ and going out of reservoir ␣. It should be noticed that Eq. ͑16͒ is exact only when ⍀ is infinite (͉x L ͉ ϱ). 23 For the finite-size system, PDOS can be defined as 14, 15 
͑17͒
where
ds ␣␤ /dU can be calculated as the following. In the considered region ⍀, introducing a constant potential U, we repeat the above process of calculating the wave functions, and get the scattering matrix s ␣␤ (E,U). Alternatively, we can set the electron ''energy'' as EЈand E in and out of the region ⍀, respectively, and get s ␣␤ (E,EЈ). We then have
In Figs. 3͑a͒ and 3͑b͒ , we present the capacitance C and diagonal emittance E 11 , respectively, as functions of chemical potential around the resonant energy. The diagonal emittance is always positive ͑showing a capacitive behavior͒ when chemical potential is not too close to the resonant energy, but when the chemical potential is close to ͑or exactly equal to͒ the resonant energy, the emittance is negative and gives a very great negative peak ͑showing an inductive behavior͒. This is qualitatively in agreement with the discrete model results obtained by Prêtre et al. 17 and with our previous results ͑continuous model͒ 22 for the case without contacts. Figure 3͑b͒ shows the capacitance around the reso- nance. From this figure, we find that when the chemical potential approaches to the resonant energy, the capacitance decreases first, and then increases sharply making a sharp peak at the resonant energy. This is very different from the case without contacts where the charge accumulation is vanishingly small at the resonance. Moreover, our results show that the amplitude of the emittance around the resonant energy is much greater than the capacitance, and at the resonance the capacitance has a peak while the emittance makes a great negative peak.
We believe that this peak originates from the contact effect, and a plausible explanation can be presented as follows. When the Fermi level is right at the resonant energy, the behavior of this system is similar to the case of a quantum wire ͑QW͒ with contacts, and with one channel open. According to the previous work, 25 with the increasing Fermi level, a quasiplateau of capacitance would appear after one channel is open. Here, in our case, the resonant energy 1.805 is at the front part of the plateau, so the capacitance should be quite large. On the other hand, when the Fermi level moves away a little bit from the resonant energy, the potential drop around the barriers will rapidly increase because the resonant width is very narrow. Meanwhile, the potential variation in the transition region is greatly reduced and becomes very small, hence the charge accumulation in the region vanishes rapidly, resulting in a drop of capacitance and therefore, the formation of such a peak. We conclude that the behavior of capacitance is very different as compared to the case without contacts: a sharp peak occurs at the resonant energy. However, the feature of negative peak of E 11 ͑in the case without contacts͒ is unchanged in the presence of contacts.
In Fig. 4 , we present the capacitance C() and emittance E 11 (), starting with the chemical potential far away from the resonant energy. One can find that the emittance and capacitance tend to same values when the chemical potential is far away from the resonant energy, this is expected, but when the system approaches to the resonance both the emittance and capacitance increase. The increase of emittance is much more rapid, and the difference of them is enlarged rapidly. Moreover, the capacitance reachs a peak ͑which is wider as compared to the resonant peak͒ when the chemical potential is about 1.8, and there is another wide peak in the capacitance at symmetrical position to ϭ1.8 about the sharp resonant peak. We would like to point out that in the case without contacts, two similar peaks of the capacitance occur at the same positions as the positive ͑capacitive͒ peaks of the emittance. It is clear from Fig. 4 that the presence of contacts changes the location of these two peaks of the capacitance.
V. CONCLUSION
In conclusion, by employing the scattering theory developed by Büttiker et al., we have studied the dynamical response of the double-barrier system, in which the 1D double barrier and two 2D reservoirs are included. We have presented the calculation of various physical quantities such as the distributions of internal potential and charge density, capacitance, and low-frequency ac conductance. The results of the internal potential and the charge density show that the induced charge density has an antisymmetric distribution profile about the well center, and the characteristic potentials would tend to unity ͑zero͒ deep in the reservoirs. When the system is far away from resonance, although some quantum channels are open, the transmission probability is very small. In this case, the antisymmetric charge distribution exists only around the barrier regions as a response to the applied voltage, and hence the contacts almost have no effect on the results. For the case of small transmission probability, we found a considerable amount of charge accumulation around the conductor, but there is almost no potential drop outside it. As for the cases of resonance or near resonance ͑with a large transmission probability for an open channel͒, there is no charge accumulation inside the double-barrier conductor. However, there are intensive fluctuations of the charge density in the transition regions between the contacts ͑2D͒ and the double barrier ͑1D͒. In this case, the effect of contacts on the charge and potential distributions is considerable. It is found from the calculation of ac conductance that qualitatively the presence of contacts does not change the main features of the emittance without contacts, i.e., the negative peak ͑inductive behavior͒ and the positive peaks ͑capacitive behavior͒. However, the effect of contacts on the capacitance is significant when the chemical potential is very close to the resonant energy: causing a capacitance peak at the resonance. This peak is clearly due to the charge accumulation in the transition regions between the 1D and 2D portions.
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